To relate cellular events to behavior in a more rigorous fashion, we have developed a simplified preparation for studying the gill-withdrawal reflex of Aplysia, in which it is relatively easy to record the activity of individual neurons during simple forms of learning. Approximately 84% of the reflex in this preparation is mediated through the single motor neuron LDG1, so that changes in the firing of LDG1 can account for most of the changes in behavior. We have used this preparation to investigate cellular mechanisms contributing to habituation, dishabituation, and sensitization by recording evoked firing, the complex postsynaptic potential (PSP), and the monosynaptic component of the complex PSP in LDG1. Our results suggest that habituation is largely attributable to depression at sensory neuron synapses. By contrast, dishabituation and sensitization involve several mechanisms at different loci, including facilitation at sensory neuron synapses, enhancement in the periphery (perhaps attributable to post-tetanic potentiation at the neuromuscular junction), and both facilitation and inhibition of excitatory and inhibitory interneurons. Moreover, these different mechanisms contribute preferentially at different times after training, so that information processing in the neuronal circuit for the reflex is distributed not only in space but also in time. Nonetheless, our results also suggest that the neuronal circuit is not a highly distributed neural network. Rather, plasticity of the reflex can evidently be accounted for by several specific mechanisms and loci of plasticity in a defined neural circuit, including a limited number of neurons, some of which make a large contribution to the behavior.
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Previous studies of the Aplysia gill-and siphon-withdrawal reflex have demonstrated a number of parallels between synaptic plasticity in the circuit for the reflex and several simple forms of learning (Castellucci et al., , 1978 Hawkins et al., 1983; Frost et al., 1985; Mackey et al., 1987) . Many of the cellular studies of short-term learning, however, involved neuronal analogs in the isolated nervous system, which allowed an analysis of neuronal changes during acquisition but did not provide a direct correlation of those changes with behavior. Neuronal correlates of learning have been observed in ganglia removed from animals after longterm behavioral training and testing (Castellucci et al., 1978; Bailey and Chen, 1983; Frost et al., 1985) , but this approach did not permit analysis of neuronal changes during acquisition. To study more fully the relationship between cellular events and learning, we have developed a simplified preparation with which it is relatively easy to record the activity of single identified neurons during behavior. An advantage of this preparation over other, similar preparations (Jacklet and Rine, 1977; Lukowiak, 1977; Byrne et al., 1978b; Wright et al., 1991) is that most of the reflex is mediated through a single motor neuron, so that changes in the firing of that neuron can account for most of the changes in behavior. Despite this simplification, the preparation undergoes most of the simple forms of learning shown by the intact animal, including habituation, dishabituation, and sensitization (Hawkins et al., 1990) , as well as classical, differential, and second-order conditioning . Moreover, the properties of these forms of learning are not dramatically different from those in the intact animal.
We have begun to use this preparation to perform a systematic "top down" analysis of these simple forms of learning and have assessed the contribution of previously described sites and mechanisms of neuronal plasticity as well as the possible contribution of additional sites and mechanisms. We have started with nonassociative forms of learning (habituation, dishabituation, and sensitization) because (1) previous results from our laboratory and other laboratories suggest that dishabituation and sensitization involve multiple mechanisms, so that the relative contribution of each is uncertain (Mackey et al., 1987; Frost et al., 1988; Marcus et al., 1988; Trudeau and Castellucci, 1993) , and (2) we expect that the mechanisms of nonassociative learning in this reflex may be related to the mechanisms of associative learning (Hawkins et al., 1983; Hawkins and Kandel, 1984) .
Some of these results have been published previously in abstract form (Hawkins et al., 1992; Kaplan et al., 1993) .
MATERIALS AND METHODS
Adult Aplysia californica weighing 75-120 gm were obtained from the Howard Hughes Mariculture Facility (Miami, FL). They were housed in individual containers in a large aquarium with circulating artificial seawater (Instant Ocean, Aquarium Systems, Mentor, OH) at 15°C on a 12 hr light/dark cycle and food-deprived for several days before an experiment was begun. The animals were anesthetized by injection of 50 ml of isotonic MgCl 2 , and the siphon, gill, mantle, and abdominal ganglion were dissected out in 50% MgCl 2 , 50% artificial seawater. The siphon was separated surgically from the gill, so that the reflex was mediated entirely through the ganglion via the siphon and branchial nerves (Fig. 1 A) . These experiments thus examined the central component of the reflex in isolation (cf. Lukowiak, 1977) . The ganglion was dipped in 0.5% glutaraldehyde for 60 sec to kill muscle cells in the sheath. The preparation was then pinned to the Sylgard floor of a Lucite recording chamber filled with circulating, aerated artificial seawater at room temperature, and the ganglion was partially desheathed. The gill was perfused with seawater through the afferent vein, and seawater was injected into the siphon to flush out the MgCl 2 .
The gill motor neuron LDG1, identified by its electrophysiological properties (Frazier et al., 1967) and characteristic gill movement (Kupfermann et al., 1974) , was impaled with a single-or double-barreled glass microelectrode filled with 2.5 M KCl. In some experiments, current was passed through one barrel of the electrode either to hyperpolarize the neuron ϳ30 mV below resting potential and prevent spiking during the siphon stimulation, or to depolarize the neuron and cause spiking. The siphon was stimulated with pressure (usually ϳ23 gm/mm 2 ) from a stainless steel rod (diameter 1.5 mm) connected to a digital stepping motor (Haydon Switch Instruments, Waterbury, CT) with feedback control from a force sensor (Omega Engineering, Stamford, CT). The stimulator was calibrated against a strain gauge transducer (Grass Instruments, Quincy, MA). The stimulus duration was 500 msec, to be consistent with experiments on classical conditioning in this preparation . Gill withdrawal was recorded with a low-mass isotonic transducer (Harvard Apparatus, South Natick, MA) connected to the efferent vein of the gill with a silk suture. During dishabituation and sensitization training, the mantle shelf was stimulated with a train of four 60 Hz AC electrical shocks (1.0 sec duration, 2 sec ISI, 25 mA) delivered via fixed capillary electrodes. Preparations were considered healthy and included in the results only if the shock produced a gill withdrawal of at least 5 mm.
In some experiments the abdominal ganglion was surrounded by a circular well with the nerves led through a Vaseline seal, so that the ganglion could be perfused separately from the rest of the preparation.
The ganglion was then perfused with seawater, with elevated concentrations of CaCl 2 (average 11.5 mM) and MgCl 2 (average 144 mM) to raise the threshold for spike initiation of all neurons in the ganglion, thus blocking most of the polysynaptic component of the PSP in LDG1 when the siphon was stimulated. Trudeau and Castellucci (1992) found that a similar seawater solution reduces the amplitude of complex PSPs without altering unitary PSPs. This solution does not completely suppress spiking, however, so in a few experiments LDG1 was also slightly hyperpolarized (ϳ10 mV) to prevent it from spiking during siphon stimulation and to permit measurement of the PSP. Preparations were considered healthy and included in the results only if the mantle shock produced firing of the gill motor neuron LDG1 (and presumably also other neurons in the ganglion, including facilitatory interneurons).
The preparation was rested for at least 1 hr before the beginning of dishabituation or sensitization training (Fig. 1 B) . During habituation, the siphon was stimulated five times with a 5 min intertrial interval, and habituation was measured as the decrease in responding on trial 5 compared with trial 1. The mantle was then shocked 2.5 min after trial 5, and the siphon was stimulated again 2.5 min (trial 6) and 12.5 min (trial 7) after the shock. Dishabituation was measured as the increase in responding on trials 6 and 7, compared with trial 5. During sensitization, there was a single siphon stimulation (trial 1) followed by a 1 hr rest to minimize habituation. The mantle was then shocked, and the siphon was stimulated again 2.5 min (trial 2) and 12.5 min (trial 3) after the shock. Sensitization was measured as the increase in responding on trials 2 and 3, compared with trial 1. On each trial we measured the gill withdrawal and the spikes or the complex PSP produced in the gill motor neuron LDG1 by siphon stimulation. The area of the PSP was calculated using a laboratory interface to a microcomputer and commercially available software (Spike, Hilal Associates, Englewood, NJ). The data on dishabituation and sensitization were first analyzed with a two-way ANOVA with one repeated measure (test time), and then individual comparisons were made using the error estimate from the ANOVA.
RESULTS

Contribution of gill motor neuron LDG1 to the reflex
Gill withdrawal is controlled by six identified central motor neurons, L7, L91, L92, LDG1, LDG2, and RDG, each of which mediates a different component of movement by innervating different gill muscles through different combinations of nerves Kupfermann et al., 1974) . Kupfermann et al. (1974) estimated that L7 and LDG1 each contribute ϳ35% of the gill-withdrawal reflex measured with a photocell in the intact animal. We expected that LDG1 would make a larger contribution in our preparation because our transducer measures contraction of the efferent vein, which is the major movement produced by LDG1, whereas a photocell is more sensitive to the pinnule contraction produced by L7. In addition, we cut all the nerves to the gill except the branchial nerve, which should eliminate the contribution of LDG2 and reduce the contribution of other motor neurons that have axons in the other nerves. To assess the quantitative contribution of LDG1 to the reflex response in the isolated mantle organ preparation, we first measured reflex withdrawal of the gill either under control conditions or with LDG1 hyperpolarized by intracellular current injection, which prevents spiking and effectively removes the neuron from the circuit. In the example shown in Figure 2 A, hyperpolarization of LDG1 reduced the reflex response by 85%. In eight similar experiments with an ABA design (counterbalanced for order), hyperpolarization of LDG1 reduced the response on average by 84 Ϯ 6% (SEM). The percentage reduction was correlated negatively with the size of the control response (r ϭ Ϫ0.97; p Ͻ 0.01) (Fig. 2 B) . These results indicate that LDG1 mediates most of the reflex response in this preparation and suggest that during larger responses other motor neurons also contribute.
We next examined the gill withdrawal produced by firing LDG1 with intracellular current injection. We wanted to mimic roughly the natural firing pattern of LDG1 illustrated in Figure 2 A, which consists of a brief early burst that is relatively invariant, followed by longer, lower frequency firing that is more variable (see Fig. 6 ). We therefore injected a brief, large current of fixed amplitude, followed by a longer, smaller current of variable amplitude. Figure  3 shows an example of the gill withdrawal produced by different frequencies of firing LDG1 during the second step of the current injection. Figure 3A illustrates results in the physiological range. In seven similar experiments, a 27% increase in the total firing frequency of LDG1 in that range produced on average a 358 Ϯ 56% increase in gill withdrawal. These results indicate that relatively small changes in firing of LDG1 can result in large changes in evoked gill withdrawal.
In the course of these experiments, we noted fairly large differences in the amount of gill withdrawal that could be produced in different preparations by firing LDG1. Previous studies have indicated that gill withdrawal by LDG1 can be suppressed in food-satiated or sexually stimulated animals (Lukowiak, 1980; Lukowiak and Freedman, 1983) . In subsequent experiments, we therefore used animals that were food-deprived and isolated for several days before dissection, which seemed to give more consistent results.
Firing of LDG1 during habituation, dishabituation, and sensitization
We next began an analysis of the cellular mechanisms of simple forms of learning in the isolated mantle organ preparation. We first recorded gill withdrawal and firing of the gill-motor neuron LDG1 during habituation, dishabituation, and sensitization of the reflex response. As shown in the example in Figure 4 and the average results in Figure 5A , there was significant habituation of gill withdrawal on trial 5, compared with trial 1, in two independent groups (F (1,13) ϭ 11.29; p Ͻ 0.01). One group (n ϭ 10), which received mantle shock 2.5 min after trial 5, showed significant dishabituation on trial 6, 2.5 min after the shock (F (1,22) ϭ 7.45; p Ͻ 0.05), and on trial 7, 12.5 min after the shock (F (1, 22) ϭ 21.35; p Ͻ 0.01), compared with trial 5. The second group (n ϭ 5), which was not shocked, did not show a significant increase on trial 7, indicating that there was little recovery from habituation during the 10 min rest between trials 6 and 7. Moreover, the increase in gill withdrawal for the shocked group was significantly greater than for the no-shock control group (F (1,22) ϭ 7.08; p Ͻ 0.05). Similarly, a third group, which was not first habituated (n ϭ 10), showed significant sensitization on trial 2, 2.5 min after the shock (F (1,22) ϭ 29.39; p Ͻ 0.01) and on trial 3, 12.5 min after the shock (F (1,22) ϭ 47.38; p Ͻ 0.01), compared with trial 1. There were no significant changes in the time-to-peak of gill withdrawal (which averaged 1.2 sec in these experiments) during habituation, dishabituation, or sensitization. Figure 4 shows an example of the firing of LDG1 recorded simultaneously with gill withdrawal, and Figure 5B shows the average evoked firing during the first 1.4 sec after the start of the response to siphon stimulation, which included the peak of the gill withdrawal on most trials. There was a significant decrease in evoked firing of LDG1 in both habituation groups (F (1,13) ϭ 38.75; p Ͻ 0.01; comparing trial 5 with trial 1), which correlated significantly with the decrease in gill withdrawal (r ϭ 0.68; p Ͻ 0.01; comparing trial 5 divided by trial 1 for gill withdrawal and evoked firing of LDG1). During dishabituation there was a significantly greater increase in evoked firing for the shocked group than for the no-shock control group (F (1,22) ϭ 8.92; p Ͻ 0.01), which did not show any increase. On trial 7, 12.5 min after the shock, there was a significant increase in evoked firing of LDG1 (F (1,22) ϭ 11.64; p Ͻ 0.01, compared with trial 5), which correlated significantly with the increase in gill withdrawal (r ϭ 0.85; p Ͻ 0.01). On trial 6, 2.5 min after the shock, there was a smaller increase in evoked firing of LDG1, which was not significant and did not correlate significantly with the increase in gill withdrawal (r ϭ 0.03). Similarly, during sensitization, there was a significant increase in evoked firing of LDG1 on trial 3, 12.5 min after the shock (F (1,22) ϭ 15.81; p Ͻ 0.01, compared with trial 1), but there was a small decrease on trial 2, 2.5 min after the shock. Overall, during dishabituation and sensitization, there was a significantly greater increase in evoked firing of LDG1 12.5 min after the shock than 2.5 min after the shock (F (1,22) ϭ 13.88; p Ͻ 0.01).
The results of these experiments suggest that habituation of the withdrawal reflex is largely attributable to a decrease in evoked firing of LDG1, and that dishabituation and sensitization 12.5 min Example of gill withdrawal and firing of LDG1 on trials 1 (T1) and 5 (T5) during habituation, and trials 6 (T6 ) and 7 (T7 ), 2.5 min and 12.5 min after mantle shock during dishabituation. (See Fig. 1 B for the behavioral protocol.) Figure 3 . Gill withdrawal produced by firing LDG1 at different frequencies. A, Records from a representative experiment showing the gill withdrawal and firing of LDG1 in response to a twostep intracellular current injection with a variable second step, which was meant to mimic the physiological pattern of firing. B, Graph of data from the same experiment as in A. Gill withdrawal was tested at 1 min intervals, with first an ascending and then a descending series of current intensities during the second step. The records shown in A correspond to the points at 9 Hz and 14.5 Hz during the second step (15.7 and 20 Hz overall), which are within the physiological range of firing of LDG1.
after the shock are attributable at least in part to an increase in evoked firing of LDG1. Dishabituation and sensitization 2.5 min after the shock, however, evidently cannot be accounted for by changes in the average evoked firing of LDG1. One possible explanation for this discrepancy is that other motor neurons fire disproportionately more than LDG1 2.5 min after the shock.
When LDG1 was removed from the circuit by hyperpolarizing it (see below), however, habituation, dishabituation, and sensitization of the residual gill withdrawal were normal, suggesting that the remaining gill-motor neurons fire similarly to LDG1 (data not shown). A second possibility is that there is a change in the pattern of firing of LDG1, such that the same number of spikes produce greater gill withdrawal 2.5 min after shock. As shown in the example in Figure 4 and the average results in Figure 6 , the evoked firing of LDG1 on each trial tended to follow a reproducible pattern with four components: an initial, high-frequency burst, a sustained response during the tap, a smaller second burst around the offset of the tap, and a gradual decline in firing after the tap. The second burst was time-locked to the end of the tap when tap duration was varied (Fig. 7) , demonstrating that it is an off response and not simply a delayed onset response. The four components of the response did not always change together during habituation, dishabituation, and sensitization, suggesting that to some extent they involve different inputs onto the motor neuron (Fig. 6 ). For example, the initial burst was more stable than the other components during habituation, suggesting that it may include a contribution from a nonplastic interneuron. A relatively stable initial burst has also been observed in inhibitory motor neurons in crayfish (Hawkins and Bruner, 1981) and in both motor neurons (Hammond, 1954) and pyramidal tract neurons (Evarts, 1973) in primates, and may serve to overcome the inertia of the system and prime it to respond to the later components of the response (Fig. 3) . There did not appear to be any change, however, in the pattern of firing of LDG1 during dishabituation and sensitization that could account for the increase in gill withdrawal 2.5 min after shock.
Another possible explanation is that there is peripheral enhancement, perhaps attributable to post-tetanic potentiation (PTP) at the neuromuscular junction. PTP is known to occur at the neuromuscular junction of LDG1 and has been suggested to contribute to dishabituation of the gill-withdrawal reflex (Jacklet and Rine, 1977) . Consistent with that possibility, there were changes in spontaneous as well as evoked firing of LDG1 during dishabituation and sensitization (Figs. 4 , 5B). During dishabituation there was a significant increase in spontaneous firing measured just before trial 6, 2.5 min after the shock (F (1,22) ϭ 8.53; p Ͻ 0.01, compared with trial 5), which had worn off by trial 7, 12.5 min after the shock. The no-shock control group did not show any change in spontaneous firing. Similarly, during sensitization, there was a significant increase in spontaneous firing on trial 2, 2.5 min after the shock (F (1,22) ϭ 24.60; p Ͻ 0.01), which had worn off by trial 3, 12.5 min after the shock. Overall, during dishabituation and sensitization there was a significantly greater increase in spontaneous firing of LDG1 2.5 min after the shock than 12.5 min after the shock (F (1,22) ϭ 22.56; p Ͻ 0.01). These changes in spontaneous firing could give rise to peripheral enhancement 2.5 min after the shock.
Peripheral enhancement contributes to dishabituation and sensitization
We tested peripheral enhancement by measuring the gill withdrawal produced by intracellular stimulation of LDG1 after each siphon tap during habituation, dishabituation, and sensitization (Fig. 8) . We used a two-step constant current injection like that shown in Figure 3 to mimic roughly the natural firing pattern of LDG1. During habituation there was a small decrease in gill withdrawal that is probably attributable to fatigue but is not sufficient to account for habituation of the response Figure 5 . Average gill withdrawal and firing of LDG1 during habituation (HAB) and dishabituation (DIS) in 10 experiments like the one shown in Figure 4 , and during sensitization (SEN ) in 10 additional experiments. A, Peak amplitude of gill withdrawal in response to siphon stimulation in the groups receiving mantle shock (solid line) and a no-shock control group (dashed line, n ϭ 5). The average amplitude of gill withdrawal in response to the mantle shock was 7.6 Ϯ 0.5 mm (n ϭ 20), which was near maximal contraction. B, Frequency of firing of LDG1 measured simultaneously with the gill withdrawals shown in A. Spontaneous firing is the average rate during the 5 sec before each siphon stimulation, and evoked firing is the average rate during the first 1.4 sec after the start of the response in LDG1 minus the spontaneous rate on that trial. In this and subsequent graphs the points indicate the mean, and the vertical bars indicate the SEM. ** ϭ p Ͻ 0.01; * ϭ p Ͻ 0.05; ϩ ϭ p Ͻ 0.05, one-tail compared with pretraining control (trial 1 for habituation and sensitization, trial 5 for dishabituation).
to siphon stimulation. Byrne et al. (1978a) obtained similar results when they recorded gill withdrawal with a photo cell, but they reported a much larger decrease when they recorded with a strain gauge. We probably observed minimal fatigue because (1) our low-mass movement transducer offers less resistance than a strain gauge, and (2) we tested with a low frequency of siphon stimulation. By contrast, during dishabituation there was a significant increase in gill withdrawal measured just after trial 6, 2.5 min after the shock (n ϭ 10; F (1,16) ϭ 70.97; p Ͻ 0.01, compared with trial 5), which had partially worn off by trial 7, 12.5 min after the shock. Similarly, during sensitization there was a significant increase in gill withdrawal on trial 2, 2.5 min after the shock (n ϭ 8; F (1,16) ϭ 21.49; p Ͻ 0.01, compared with trial 1), which had partially worn off by trial 3, 12.5 min after the shock. Overall, during dishabituation and sensitization there was a significantly greater increase in gill withdrawal 2.5 min after the shock than 12.5 min after the shock (F (1,16) ϭ 11.28; p Ͻ 0.01). These results indicate that peripheral enhancement contributes to dishabituation and sensitization of gill withdrawal 2.5 min after the shock, and to a lesser extent 12.5 min after the shock.
As shown in Figure 8 B, there was no change in the number of Figure 6 . Average pattern of evoked firing of LDG1 on each trial during habituation, dishabituation, and sensitization of the withdrawal reflex in the same experiments as Figure 5 . A, Trials 1 (T1) and 5 (T5) during habituation, and trials 6 (T6 ) and 7 (T7 ), 2.5 min and 12.5 min after mantle shock during dishabituation. B, Trials 1, 2 (T2), and 3 (T3), 2.5 min and 12.5 min after mantle shock during sensitization. On each trial, the number of spikes in each 100 msec interval (minus the number expected from spontaneous firing on that trial) has been normalized to the total number of evoked spikes on trial 1 in each experiment. The horizontal bar below the x-axis indicates the duration of the siphon tap.
spikes produced in LDG1 by constant current injection during habituation, dishabituation, and sensitization. This result indicates that the excitability of LDG1 was relatively constant, and therefore that changes in the number of spikes produced by siphon stimulation during habituation, dishabituation, and sensitization (Figs. 4 , 5B) were attributable to changes in synaptic input.
The complex PSP in LDG1 during habituation, dishabituation, and sensitization
We directly tested the possibility that habituation, dishabituation, and sensitization involve changes in synaptic input to LDG1 by hyperpolarizing LDG1 during the siphon tap, preventing it from firing and allowing measurement of the underlying complex PSP. As shown in the example in Figure 9A and the average results in Figure 10 , the complex PSP in LDG1 had a complicated shape, with the same four components that were described previously for evoked spikes: an initial peak near the onset of the tap, a smaller sustained depolarization during the tap, a second peak around the offset of the tap, and a gradual decline after the tap. We therefore measured the total area under the PSP in the first 1.4 sec (Fig.  9B) . During habituation there was a significant decrease in the area of the PSP (n ϭ 10; t (9) ϭ 7.41; p Ͻ 0.01, comparing trial 5 with trial 1). During dishabituation there was a small decrease on trial 6, 2.5 min after the shock, but a significant increase on trial 7, 12.5 min after the shock (F (1,16) ϭ 27.17; p Ͻ 0.01, compared with trial 5). During sensitization there was a significant decrease on trial 2, 2.5 min after the shock (n ϭ 8; F (1,16) ϭ 21.43; p Ͻ 0.01, compared with trial 1), and no change on trial 3, 12.5 min after the shock. Overall, during dishabituation and sensitization there was a significantly greater increase in the area of the PSP 12.5 min after the shock than 2.5 min after the shock (F (1,16) ϭ 33.53; p Ͻ 0.01). Moreover, there was a significantly greater increase (or smaller decrease) during dishabituation than during sensitization (F (1,16) ϭ 8.94; p Ͻ 0.01).
The monosynaptic component of the PSP in LDG1 during habituation, dishabituation, and sensitization
Changes in the complex PSP in LDG1 could be attributable to changes in either the monosynaptic input from the sensory neurons, the polysynaptic input via interneurons, or both. To examine the monosynaptic component of the PSP in isolation, we perfused the abdominal ganglion with seawater containing elevated concentration of Ca 2ϩ and Mg 2ϩ ("Hi Ca 2ϩ , Hi Mg 2ϩ "), which raises the threshold for spike initiation and blocks most of the polysynaptic component of the PSP by preventing interneurons from firing. As illustrated in Figures 11 A and 12 , the PSP generally had a relatively simple shape, consistent with its being predominantly monosynaptic. The PSP often had visible inflections, which could be individual unitary PSPs produced by firing of sensory neurons at different times after the start of the tap (Frost et al., 1997) . There was significant habituation of the PSP on trial 5 (n ϭ 8; t (7) ϭ 8.25; p Ͻ 0.01, compared with trial 1) and significant dishabituation on trial 6, 2.5 min after the shock (F (1,14) ϭ 6.18; p Ͻ 0.05, compared with trial 5), which had largely worn off by trial 7, 12.5 min after the shock (Fig. 11 B) . Similarly, there was significant sensitization of the PSP on trial 2, 2.5 min after the shock (n ϭ 8; F (1, 14) ϭ 31.46; p Ͻ 0.01, compared with trial 1), which had partially worn off by trial 3, 12.5 min after the shock. Overall, during dishabituation and sensitization there was a significantly greater increase in the area of the PSP 2.5 min after the shock than 12.5 min after the shock (F (1,14) ϭ 5.86; p Ͻ 0.05), which is the reverse of the results in normal seawater (Fig. 9) . Furthermore, in Hi Ca 2ϩ , Hi Mg 2ϩ seawater (unlike normal seawater), there was no significant difference between dishabituation and sensitization.
DISCUSSION
We began a cellular analysis of simple forms of learning of the gill-withdrawal reflex by first establishing critical elements in the neural circuit for the reflex in the isolated mantle organ preparation. Our results show that the gill motor neuron LDG1 mediates most of the reflex response in this preparation, so that changes in firing of LDG1 can be related causally to changes in behavior. During habituation, and also during dishabituation and sensitization 12.5 min after the shock, changes in evoked firing of LDG1 (Fig. 5B ) are similar to (and can largely account for) changes in gill withdrawal (Fig. 5A ), in agreement with previous studies on preparations in which a single motor neuron makes less of a contribution to gill withdrawal Jacklet and Rine, 1977) . Peripheral enhancement (perhaps caused by PTP at the neuromuscular junction), however, makes a substantial contribution to dishabituation and sensitization 2.5 min after the shock (Fig. 8) . Peripheral enhancement has also been shown to contribute to classical conditioning of the gill-withdrawal reflex Figure 8 . Gill withdrawal produced by intracellular stimulation of LDG1 during habituation, dishabituation, and sensitization. A, Records from a representative experiment showing the gill withdrawal produced by firing LDG1 with a two-step constant current injection during habituation and dishabituation. B, Average gill withdrawal and firing of LDG1 during habituation and dishabituation in 10 experiments like the one shown in A, and during sensitization in eight additional experiments. Depolarizing current was injected into LDG1 ϳ30 sec after each siphon tap in the experiments shown in Figure 9 . Solid line indicates gill withdrawal; dashed line indicates average spike frequency during current injection in LDG1. (Lukowiak and Colebrook, 1988) , and PTP at neuromuscular junctions is thought to contribute to both sensitization of the siphon component of the withdrawal reflex (Frost et al., 1988) and dishabituation of the crayfish claw-opening response (Hawkins and Bruner, 1981) . Additional experiments will be necessary to determine whether the peripheral enhancement in our experiments is attributable to PTP at the neuromuscular junction or to other possible mechanisms, such as neuromodulatory effects.
Comparison of evoked firing and the complex PSP in LDG1
During habituation and dishabituation, changes in the complex PSP in LDG1 (Fig. 9B) are basically similar to (and can largely account for) changes in evoked firing (Fig. 5B ), in agreement with earlier reports Byrne et al., 1978b) .
During sensitization, however, the complex PSP undergoes relatively more inhibition and less facilitation than evoked firing of the motor neuron. There is a significant decrease in PSP area 2.5 min after shock during sensitization, which reveals an underlying transient inhibition that is present but less pronounced in evoked spiking (Fig. 5B) . A similar transient inhibition has been reported for the siphon component of the withdrawal reflex both behaviorally (Mackey et al., 1987; Marcus et al., 1988) and cellularly (Wright et al., 1991) but is not seen behaviorally for the gill component (Hawkins et al., 1990) (Fig. 5A) . These results therefore suggest that the gill and siphon components both undergo transient inhibition at the level of the central synapses, but the gill component does not express the inhibition behaviorally because of strong peripheral enhancement (Fig. 8) . Similarly, there is no increase in PSP area 12.5 min after the shock during sensitization (Fig. 9) , whereas there is a significant increase in evoked spikes (Fig. 5B) . One possible explanation for these discrepancies is that the complex PSP includes both EPSPs and IPSPs, which are inverted when the cell is hyperpolarized. Thus, if there were a decrease in the IPSPs (disinhibition) and an increase in the EPSPs, there would be no change in the complex PSP when the cell was hyperpolarized, but an increase in evoked spikes when it was not. Disinhibition (inhibition of inhibitory neurons) occurs during a cellular analog of sensitization in the siphon component of the reflex (Frost et al., 1988; Trudeau and Castellucci, 1993) and during dishabituation of the crayfish clawopening response (Hawkins and Bruner, 1981) .
The complex PSP has the same four components as evoked spiking (Fig. 10) ; however, the second peak tends to be more prominent for the PSP than for the spikes, suggesting that it contains IPSPs as well as EPSPs. As was the case for evoked spikes, the four components of the complex PSP did not always change together during habituation, dishabituation, and sensitization. For example, the initial peak again was more stable than the other components during habituation. Moreover, the complex PSP did not always change in the same way as the evoked spikes. For example, there was an increase in the second peak of evoked spikes but a decrease or no change in the second peak of the PSP during sensitization, suggesting that there were decreases in IPSPs in that component.
Comparison of the complex PSP in normal seawater and Hi Ca
2؉
, Hi Mg 2؉ seawater
On average, the total area of the PSP on trial 1 in Hi Ca 2ϩ , Hi Mg 2ϩ seawater (Fig. 11) was 21% of the area in normal seawater (Fig. 9) . This number provides an estimate of the percentage of the PSP that is attributable to monosynaptic connections from sensory neurons to LDG1. This estimate is lower than the original estimate of 58% by Byrne et al. (1978b) , but it is similar to the estimate of 25% by Trudeau and Castellucci (1992) , who showed that a Hi Ca 2ϩ , Hi Mg 2ϩ seawater solution similar to the one we used does not alter the amplitude of unitary PSPs, and therefore should provide a rough estimate of the contribution of monosynaptic PSPs to the complex PSP. Twenty-one percent could be an underestimate, however, because we compared monosynaptic PSPs at resting potential and complex PSPs with the motor neuron hyperpolarized, which increases the size of PSPs. Consistent with this possibility, a more direct comparison suggests that monosynaptic PSPs from sensory neurons make a larger contribution to the complex PSP (Frost et al., 1997) .
Two differences are apparent in the shape of the complex PSP in Hi Ca 2ϩ , Hi Mg 2ϩ seawater (Fig. 12 ) and normal seawater (Fig.  10) . First, in Hi Ca 2ϩ , Hi Mg 2ϩ seawater there was no second peak at the offset of the tap, suggesting that the second response in normal seawater is attributable to firing of interneurons (perhaps when they are released from inhibition that occurs during the tap) rather than firing of known or unknown sensory neurons. Second, in Hi Ca 2ϩ , Hi Mg 2ϩ seawater there were no obvious changes in the shape of the PSP during habituation, dishabituation, and sensitization. In particular, the initial peak of the PSP changed as much as the rest of the PSP, whereas in normal seawater the initial peak of the PSP was relatively constant, suggesting that it includes a contribution from nonplastic interneurons.
Depression of the total area of the PSP during habituation was very similar in Hi Ca 2ϩ , Hi Mg 2ϩ seawater (Fig. 11 ) and normal seawater (Fig. 9) , suggesting that depression of monosynaptic sensory neuron-motor neuron PSPs contributes importantly to habituation of the reflex, in agreement with earlier reports Byrne et al., 1978b) . In Hi Ca 2ϩ , Hi Mg 2ϩ seawater there was significant facilitation of the PSP 2.5 min after the shock during dishabituation and sensitization, and less facilitation by 12.5 min (Fig. 11) . This result suggests that facilitation of monosynaptic PSPs contributes importantly to dishabituation and sensitization 2.5 min after the shock, in agreement with results from previous studies Walters et al., 1983; Wright et al., 1991; Trudeau and Castellucci, 1993) . The decline in the PSP from 2.5 min to 12.5 min during dishabituation suggests that the process underlying dishabituation (facilitation) is superimposed on the process underlying habituation (depression) and does not remove or reverse it (Groves and Thompson, 1970; Carew et al., 1971) . By contrast, in normal seawater there was little facilitation of the PSP 2.5 min after the shock during dishabituation, but significant facilitation 12.5 min after the shock. Comparison of these results suggests that facilitation of the monosynaptic PSPs is offset partly by inhibition of interneurons 2.5 min after shock, and that facilitation of interneurons contributes to dishabituation 12.5 min after the shock.
Mechanisms contributing to habituation, dishabituation, and sensitization
Figure 13 summarizes some of the conclusions that can be drawn from these results. Habituation in this preparation seems to be attributable largely to depression at sensory neuron synapses; however, dishabituation and sensitization involve several mechanisms at different loci, with different time courses. Two and one half minutes after shock, sensory neuron synapses are strongly facilitated, and enhancement in the periphery (perhaps attributable to PTP at the neuromuscular junction) also makes a substantial contribution. These facilitatory processes, however, are offset partly by transient inhibition of interneurons in the polysynaptic pathway. Twelve and one half minutes after shock, facilitation of sensory neuron synapses and peripheral enhancement are both somewhat reduced, but facilitation in the polysynaptic pathway (attributable in part to disinhibition) makes a contribution, maintaining the behavioral enhancement. Thus, information processing in the neuronal circuit for the reflex is distributed not only in space Frost et al., 1988; Wright et al., 1991; Trudeau and Castellucci, 1993) , but also in time, with different loci and mechanisms of plasticity contributing preferentially at different times.
The model illustrated in Figure 13 also suggests a possible explanation for some of the differences that have been observed between dishabituation and sensitization. Specifically, shock produces transient inhibition of the siphon component of the withdrawal reflex at both the behavioral and cellular levels, but that inhibition is smaller (and net facilitation is larger) during dishabituation than during sensitization (Mackey et al., 1987; Marcus et al., 1988) . On the basis of this and other evidence, Marcus et al. (1988) suggested that dishabituation and sensitization have different underlying mechanisms. Transient inhibition is not observed for the gill-withdrawal component of the reflex behaviorally (Hawkins et al., 1990) (Fig. 5A) , but is observed for the complex PSP in LDG1 in normal seawater, and that inhibition is smaller (and net facilitation is larger) during dishabituation than during sensitization (Fig. 9) . We observed, however, no net inhibition and no difference between dishabituation and sensitization in facilitation of the monosynaptic component of the PSP in Hi Ca 2ϩ , Hi Mg 2ϩ seawater (Fig. 11) . Therefore, transient inhibition of the complex PSP 2.5 min after shock seems to be restricted to the polysynaptic component. If the polysynaptic component contributes relatively less to the total PSP after habituation training (because of nonlinearities such as thresholds in the interneurons), then inhibition in the polysynaptic component would have less effect on the PSP during dishabituation than during sensitization. Such a mechanism could account for some of the observed differences between dishabituation and sensitization, without requiring any differences in their underlying mechanisms. The results of these experiments indicate that even simple forms of learning in this simple system involve a somewhat complex integration of a number of different mechanisms at different loci, with different time courses, that in some cases oppose one another. Thus, the behavioral output cannot be accounted for by any single mechanism or site of plasticity. The model we present in Figure 13 , however, is also not a highly distributed neural network (Wu et al., 1994) . Rather, according to our model, plasticity of the reflex can be accounted for by several specific mechanisms and loci of plasticity in a defined neural circuit, including a limited number of neurons. More importantly, the experiments described in this paper illustrate that this system can be analyzed at the level of individual neurons, some of which (such as LDG1) make a large contribution to the behavior. Several of the important neurons, including the interneurons and one class of sensory neurons (Frost et al., 1997) , have not yet been identified, however. Therefore, additional experiments, as well as computational modeling (Hawkins and Frost, 1995) , will be necessary to determine whether this approach can quantitatively account for the behavior.
